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The basin-centered gas accumulation (BCGA) of Lajas and Punta Rosada formations is
composed of a stack of low porosity (4% - 10%) sandstones, highly pressurized and pervasively
saturated with gas, reaching up to a thickness of 1,000 meters. The low porosity of the
reservoirs causes very low seismic sensitivity to the fluid variation, and traditional analyses
used in conventional reservoirs may not give the correct assessments for this type of rock.
Therefore, I apply multiple approaches to distinguish the effects of fluid, lithology, and
porosity on the seismic response. A Monte Carlo simulation is used to assess the amplitude
variation with angle (AVA), identify the most likely AVA class, and analyze the dispersion
of the gas-bearing reservoirs within the AVA space. In addition, a hybrid rock physics
modeling, which considers the pore shape as input, is used to predict the seismic properties
of the reservoir rocks. The proposed workflow combines laboratory measurements with
Kuster-Toksöz (KT), Differential Effective Medium (DEM), and Gassmann theories.
Using the rock physics model and corresponding templates, I formulate rock physics
attributes that are highly correlated with water saturation, porosity, and clay content. Fi-
nally, the rock physics templates and attributes are used with the elastic seismic inversion
to enhance understanding of the anatomy of this gas field and to determine which factors
drive gas migration and accumulation in this complex petroleum system. I found that the
most important gas zones in the Punta Rosada Formation are located around the natural
fractured regions. For the deeper Lajas Formation, however, the gas is spread throughout a
wider area, as this formation lies directly above the Los Molles source rock, facilitating the
vertical and lateral gas migration.
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The Neuquén Basin is world-renowned for the high petroleum potential of the Jurassic-
Cretaceous Vaca Muerta shale, not only as an unconventional reservoir, but also as a source
rock for the reservoirs that lie above. However, new exploratory efforts have highlighted the
promising potential of another successful unconventional play in the basin: overpressured
tight-gas sandstone, from the Jurassic Lajas and Punta Rosada formations. This gas accu-
mulation does not depend on the Vaca Muerta formation, as the reservoir layers are filled
with gas from the Los Molles Formation, also from the Jurassic age.
Petroleum production in the block began in 1971 when the first conventional accumula-
tion in carbonates from the Quintuco Formation was discovered. In 2011, when the conven-
tional reservoirs were considered very mature, the consortium started a successful exploratory
campaign targeting tight-gas sandstones of the Lajas and Punta Rosada formations. These
recent unconventional discoveries are deeper than the conventional reservoirs, ranging from
approximately 2,500 to 3,500 m.
These reservoirs are composed of a thick stack of sand channels (900 m to 1,500 m), that
directly overlie the Los Molles source rock. Unlike conventional reservoirs, which have water
below gas, this specific reservoir has free water above the overpressurized gas zone. The
abnormally high pressure results from the gas generation rate of the Los Molles Formation,
which exceeds the dispersion rate of the low permeability tight sandstone.
The porosity of these tight-gas sandstones vary between 4% and 10%, and the perme-
ability is less than 0.1 mD. The gas is trapped by a capillary seal that is discordant from
the sedimentary stratification. These characteristics classify this system as a Basin-Centered
Gas Accumulation (BCGA). The research area was subjected to a tectonic inversion, which
has resulted in the development of a complex network of fractures and faults.
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This unconventional field produces gas from the Lajas and Punta Rosada formations
through more than 30 wells. However, the lateral extension of the gas zone is unclear.
The low porosity of the reservoirs causes very low seismic sensitivity to the fluid variation.
Therefore, a thorough rock physics analysis, which considers the pore shape as input, is
necessary to distinguish the effects of fluid, lithology, and porosity on seismic properties.
The primary goal of this research is to better determine the spatial distribution of the gas
zone in the seismic data and to understand which factors drive gas migration and accumula-
tion. I use rock physics modeling to construct rock physics templates, which are the primary
key for identifying the gas-saturated tight sandstones and for quantitatively characterizing
the seismic data. Through the rock physics model, I can predict water saturation, porosity,
and clay content as a function of P-to-S-wave velocity ratio (VP/VS) and acoustic impedance
(AI), which are elastic properties provided by seismic inversion.
A BCGA generally involves large areas continuously filled with gas, resulting in massive
reserves. The exploratory risk of this type of accumulation is very high, not only due to
the low seismic sensitivity but also to the lack of analogs. To develop a workflow capable of
predicting the presence of gas and enhancing the knowledge about BCGA is very valuable




The Neuquén Basin has excellent petroleum potential, being one of the most prolific
basins in Argentina (Barredo & Stinco (2014)). Conventional and unconventional oil accu-
mulations related to the famous Vaca Muerta source rock are not the only reason for this
basin’s success. The occurrence of high-pressurized gas accumulations in tight sandstones
of the Punta Rosada and Lajas Jurassic formations also have high potential, since this type
of accumulation (Basin Centered Gas Accumulation - BCGA) can provide large volumes of
gas over vast areas.
The Neuquén Basin is rich in structural, sedimentary, and petroliferous diversity, espe-
cially in the context of the block studied in this thesis. Figure 2.1 shows the location of
the study area, over the thermal-maturity maps of both Los Molles and Vaca Muerta source
rocks. Several tectonic phases have developed and reactivated old structures, allowing the
migration and accumulation of petroleum through different petroleum systems.
2.1 Geodinamic Evolution of the Area
2.1.1 Syn-Rift Phase - Late Triassic to Early Jurassic
In this period of the geologic history of the Neuquén basin, there is no evidence that the
subduction in the western margin of Gondwana had started (Howell et al. (2005)). Strike-
slip faults dominated major movements of the basin , with the N-S ones being the most
penetrative faults (Franzese & Spalletti (2001)).
The collapse of the Gondwana orogeneses originated a series of long and narrow half-
grabens that were later filled with a mixed sequence of lava flows, clastic and volcano-clastic
sediments of the Precuyano group (Franzese et al. (2006) and Howell et al. (2005)). My
research area is located over one of those half-grabens, in which the main fault played an
important hole in depositional and structural history of the area (Figure 2.2 and Figure 2.3).
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Figure 2.1: Location of the study area over the thermal-maturity maps of both Los Molles
(left) and Vaca Muerta (right) source rock (modified from U.S. Energy Information Admin-
istration (2013)).
2.1.2 Pos-Rift Phase - Early Jurassic to Early Cretaceous
The subduction started in the western margin of the Gondwana in the early-middle
Jurassic (Franzese et al. (2003)), when the Andean magmatic arc started to be developed.
The sedimentation of this phase was initially controlled by the grabens’ geometry of the
syn-rift phase (Burgess et al. (2000)). According to (Howell et al. (2005)), after the grabens’
topography was flattened, the most important phase of Nequen basin development started,
which was marked by a series of transgressive-regressive cycles associated with localized
uplifts and oscillations of the sea level. In the research area, compressive stresses resulting
from the subduction regime in the western margin of Gondwana sculpted crucial brittle and
ductile structures, which today act as elements of the petroleum systems in the area.
4
Figure 2.2: a) Representation of the syn-rift phase (late Triassic to early Jurassic). Several
elongated grabens were developed in this period. b) Early Jurassic to Early Cretaceous
(Post-rift phase). Subduction started and the magmatic arch was formed (modified from
Howell et al. (2005))
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2.2 Local Structural Settings
The compressive regime that the area was subjected to occurred from the middle to late
Jurassic and may be related to the evolution of the Huincul arch (southwest of the study
area), since according to Naipauer et al. (2012), this arch is an intraplate deformation that
occurred between early Jurassic and Cretaceous time (Figure 2.1).
During this intraplate compressive deformation, a complex network of fractures and faults
was developed in the area. This regime reactivated and inverted the ancient distensive
movements from the rift phase’s normal faults. From this compressive tectonic phase, the
most important structure in the area was originated: a penetrative NW-SE fault that inverted
the displacement of the main fault of the syn-rift half-graben. This reverse fault, together
with the associated synthetic faults, developed an intense brittle deformation resulting in
a dense network of natural fractures. This system is recorded in the seismic data and can
be visualized in the sections presented in Figure 2.3 and Figure 2.4. The fractures (yellow
segments) overlaying the seismic section in Figure 2.4 are the result of the work carried out
and published by Ferreira et al. (2019).
In addition to the fault plans associated with the compressive regime, a significant anti-
cline was formed against the main inverted fault. A small NE/SE graben was developed in
the area, which results from the collapse of layers in the crest of the anticline. This graben
occurred approximately during the Vaca Muerta deposition (Barriasian). Despite the small
lateral extension of this structure, its faults reach deep horizons, extending as far as the Los
Molles source rock. Thus, these deep faults can act as essential migration paths connect-
ing the source rock to the reservoirs above. Also, this graben shows the highest density of
natural fractures in the area (Figure 2.3 and Figure 2.4).
The deposition of the Punta Rosada Formation happened at the same time as the area
was being subjected to the compressive stress resulting in uplift occurring synchronously
to deposition. This geologic setting resulted in the formation of a set of high-frequency
unconformities crossing the parallel layers. These unconformities are not clearly imaged in
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the seismic due to the fact that erosion and deposition occurred so rapidly that there was a
lack of impedance contrast between the rocks below and above the unconformity surface.
Figure 2.3: Left) Seismic section with the main structural features of the area. The red
layers represents the gas zones identified through the rock physics modeling and inversion,
explained in detail in the chapters 5 and 6.1. Right) Structural top of the Catriel Formation.
The lines in black are the faults projected on this surface. The black dashed line on the map
is the projection of the inverted fault on the Punta Rosada i horizon.
2.3 Petroleum Systems
At least two different petroleum systems produce hydrocarbons in the area: the conven-
tional system, in which Vaca Muerta source rock provides hydrocarbon to carbonates of the
Quintuco Formation, and the unconventional system, in which the tight sandstones from
Punta Rosada and Lajas formations are filled with gas provided by the Los Molles source
rock (Figure 2.5).
2.3.1 Conventional: Vaca Muerta - Quintuco
The conventional petroleum system present in the area has the Vaca Muerta Formation
as its source rock, which is the most prolific formation in Argentina. Its potential has been
recognized worldwide by unconventional in situ production through hydraulic fracturing.
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Figure 2.4: Seismic section showing the natural fractures network in the area, which is a
result of automatically extraction through discontinuity attributes. Note the high density
within the collapse graben. The fractures are the result of the work carried out and published
by Ferreira et al. (2019).
Figure 2.5: Stratigraphic chart focused on the conventional and unconventional petroleum
systems of the Neuquén Basin present in the area (modified from Lamberghini et al. (2018)).
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However, due to the maturation and burial characteristics of the Vaca Muerta in my study
area, only its expelled oil and that accumulated in conventional carbonates of the Quintuco
Formation can be produced. The maturity map of the Vaca Muerta Formation is shown in
Figure 2.1 (right), where we can see that the study area is over the margin of the oil window,
close to immature the region.
The Vaca Muerta and Quintuco formations were deposited in the same transgressive-
regressive cycle in the early Cretaceous period. The shelf sediments were accumulated in
the carbonates of the Quintuco Formation, while the slope and bottom basin sediments were
deposited as Vaca Muerta’s rich-organic matter black shales (Acevedo & Bande (2018)).
The migration mechanism is mainly vertical from the Vaca Muerta source rock to the
reservoirs which are deposited directly above the Vaca Muerta. Additionally, the intense
natural fracturing, which was a result of the compressive stresses that the area was subjected
to, facilitates the migration mechanism. Pressure relief at the crest of the anticline generated
fractures and led to the migration of residual oil from the Vaca Muerta to the Quintuco
reservoir. Moreover, the large scale of the main anticline which crosses the whole area
facilitates the oil accumulations.
2.3.2 Unconventional: Los Molles - Lajas, Punta Rosada
The unconventional play explored in the area is an overpressurized gas accumulation in
the tight sandstones of the Punta Rosada and Lajas formations. As in the conventional
accumulation previously described, the unconventional reservoirs are deposited in direct
contact over the source rock, which is the Los Molles Formation. This source rock has a
large thickness, reaching more than 600 m at the depocenter.
The Los Molles Formation was deposited during an early-middle Jurassic transgressive
event in a marine platform environment. The Los Molles Formation represents the first
marine deposits of the Cuyo Group. This transgressive event was followed by the Lajas For-
mation deposits resulting from a regressive episode, and developing a shallow and continental
environment (Lamberghini et al. (2018) and Barredo & Stinco (2014)). The Los Molles and
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Lajas formations are overlaid by the Punta Rosada Formation, which was deposited in a
deltaic to fluvial-alluvial environment. Marine sequences are recorded in the basal section
and the fluvial-channel systems in the upper section of the Punta Rosada Formation. Fig-
ure 2.1 shows the thermal maturity map of the Los Molles Formation (left), in which the
study area is located over the thermal maturity for gas.
This petroleum system is considered very complex due to its unusual characteristics. The
reservoir formations make up a considerable thickness of stacked sandstone bodies ranging
in total depth from 900 m to 1,500 m. The absence of a down-dip water contact is also an
unusual characteristic of this rare petroleum system. In fact, it is considered an inverted
accumulation, since the gradual water contact is found above the gas accumulation. The
uncommon high pressure could be explained because the gas generation rate of the Los
Molles Formation exceeds the dispersion rate within the low permeability zone (<0.01 mD).
The gas is trapped by a capillary seal that is discordant from the sedimentary stratification.
Buoyancy is the main force which drives the migration of hydrocarbon in conventional
petroleum systems. However, in basin-centered gas accumulations, high pressure, instead of
buoyancy, controls the migration of gas into the tight sandstones. While gas migrates through
the pores, free water is expelled out of the reservoirs. The water left in the reservoirs is that
attached to the grains, mainly to clays (irreducible water). This migration mechanism can
only exist if the source rock is either currently active or has recently stopped hydrocarbon
generation. This assumption is necessary to explain the maintenance of the high pressure
since no effective conventional seal on top of the accumulation is necessary (see Sonnenberg
& Meckel (2017)).
According to the model proposed by Camp (2008), the characteristics previously de-
scribed can classify this unconventional gas field as a basin-centered gas accumulation (BCGA).
It is commonly assumed that the fault’s natural fractures act as facilitators of the migra-
tion and accumulation of the gas in tight sandstones. Brittle deformation increases the
low porosity of this kind of reservoir. As a result, this pervasive accumulation in this area
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is concentrated in the regions with greater deformation, with a higher density of natural
fractures.
The overall knowledge about BCGA’s is still limited. The understanding of this type
of play is still being developed, mainly through a large amount of research that has been
done in the Rocky Mountain region and other specific regions around the world. Law (2002)
makes a complete description of BCGA’s and lists selected areas throughout different basins
in the world where this unconventional play occurs.
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CHAPTER 3
RESERVOIR AND FLUID PROPERTIES
Seismic characterization of tight sand reservoirs is challenging. The average porosity of
the Lajas and Punta Rosada formations reservoirs in the study field is very low, ranging
from 4 to 10%, which results in low sensitivity to fluid variation in the acoustic impedance.
After analyzing the complete elastic properties of the tight sandstone of Lajas and Punta
Rosada; however, I discovered that the sensitivity to fluid and lithology variation is much
greater in certain elastic parameters, such as the P-to-S-wave velocity ratio (VP/VS)..
High variability in composition and other properties also increases the complexity of the
reservoirs of the Lajas and Punta Rosada formations. Mineralogy, porosity, grain shape, and
pore shape vary laterally as well as vertically. In addition, the fine intercalation between
sandstones and shales below seismic resolution makes the AVA classification problematic.
Figure 3.1 shows the thin reservoir layers intercalated with shales through all the Lajas and
Punta Rosada formations. Individual layers have a thickness ranging from 10 to 70 meters.
The points in red highlight the low values of VP/VS in zones with low water saturation, and
these low values are crucial for gas identification.
Rock physics modeling allows analysis of seismic sensitivity to variation in fluid, clay
content, and porosity. Using the elastic properties prediction provided by this modeling, I
formulate three important rock physics attributes specifically designed for the given reser-
voirs, allowing for the quantification of gas saturation, porosity, and volume of clay. I also
identify the coefficients that best adjust the rock physics attributes (CPEI and PEIL) pro-
posed by Avseth & Veggeland (2015) for the prediction of water saturation and porosity in
the target tight sandstones. Additionally, I generate another attribute for clay estimation
inspired by Avseth’s work.
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Figure 3.1: Well logs from well B-07. The red points represent the tight-gas zones (SW<0.5),




Compaction trend is crucial for seismic reservoir characterization. The trends identified
in the velocities, impedance, and density logs reveal information regarding pore pressure,
chemical and mechanical compaction, and possible uplifting (see Figure 3.2). According to
Avseth et al. (2005), the compaction trend for shales can change significantly for different
geologic contexts.
Figure 3.2: Schematic depositional trend illustrating impedance behavior for shale and sand-
stones. After approximately 70◦C, where the chemical compaction usually starts, sandstones
tend to have higher impedance than that of shales. Modified from Avseth et al. (2005).
Before starting seismic interpretation, one must identify what polarity to expect in the
interface between sandstones and shales. Usually, sandstones at lower depths have acoustic
impedance higher than that of shales, resulting in top reservoir horizons with negative seis-
mic polarity. However, when the sandstones reach approximately, 70◦C, chemical compaction
(cementation) starts to decrease the sandstone’s porosity in addition to the mechanical com-
paction. This happens between 2-3 km depth, and the velocity and impedance of sandstones
tend to become higher than those of the surrounding shales (Avseth et al. (2008)), resulting
in positive reflectivity at the top of sandstones. Avseth et al. (2005) classifies this type of
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sandstones as hard sands (Figure 3.2).
For the present research, the compaction trend analyses based on the filtered P-wave
velocity (VP ) logs (Figure 3.3), are essential for confirming the following assumptions and
guiding the rock-physics modeling and reservoir characterization:
• High-pressure zone: The P-wave velocity trend indicates that the gas accumulation
of Neuquén Field is in fact subjected to abnormally high pore pressure starting approx-
imately 3 km of depth. Figure 3.3 shows that after this depth, the P-wave velocity of
shales and sandstones begin to deviate from the crescent trend. The values of P-wave
velocity in the high-pressurized zone decrease with depth.
• Uplift: Close to the top of the Punta Rosada Formation, there is an unconformity
that separates the Cuyo group and Mendoza group. Just after this unconformity, the
velocities of sandstones abruptly start to be higher than that of shales. The rocks below
the unconformity were buried deeper, then uplifted and now are in direct contact with
younger rocks.
• Dim spot zone: After approximately 3km depth, the chemical compaction is seen to
start, also increasing the velocity of sandstones. The presence of gas in the sandstones
results in a decrease in the acoustic impedance; consequently, the reflectivity between
shales and gas-bearing sandstone is smaller than that of the brine-bearing sandstones
(dim-spot).
The anatomy of the compaction velocity trend is consistent in all available wells, with
no exception. The average sandstone P-wave velocity is always higher than the surrounding
shales within the the target formations, through all the area.
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Figure 3.3: P-wave velocity log from the well C-11. The brine-sandstones have higher veloc-
ities starting at approximately 3 km depth.
3.2 Mineralogy
The reservoir rocks of the Lajas and Punta Rosada formations in Neuquén Field have
similar textural and mineralogy characteristics. They are mostly sandstones with very low
compositional maturity, which is confirmed by a large amount of feldspar and lithic fragments
identified in the thin sections and core samples. The reservoirs rocks are classified as lithic
sandstones and arkoses.
The composition and texture can vary significantly among wells as well as among dif-
ferent layers. This fact, together with maturity, suggests that the basin had a high level of
accommodation through the depositional history.
Such high variability makes it challenging to define the elastic parameters of the matrix.
To determine the average mineralogy, I used the X-Ray diffraction results from three wells
(C-04, A-03, and D-06). Figure 3.4 shows the mineral proportions of the Lajas and Punta
Rosada reservoirs. The ternary diagram of Figure 3.5 shows only the composition of the
silicate matrix, where feldspars are discriminated between K-Feldspar and Plagioclase.
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Figure 3.4: Mineral composition of Lajas and Punta Rosada tight sandstones, based on the
X-Ray diffraction results from the wells C-04, A-03, and D-06.
Figure 3.5: Mineral composition of the silicate matrix (Quartz, Plagioclase, and K-Feldspar)
of Lajas and Punta Rosada tight sandstones, based on the X-Ray diffraction results from
the wells C-04, A-03, and D-06 .
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The porosity of the tight-sandstone reservoirs of Punta Rosada and Lajas formations is
mostly secondary. The primary intergranular porosity was reduced by the action of me-
chanic and chemical compaction, whereas secondary porosity was by mineral dissolution and
microfractures in the grains. Figure 3.6a shows a scanning electron microscopy image of a
feldspar’s grain with holes of dissolution on its surface. The mineral dissolution is often mag-
nified by the microfractures of grains (Figure 3.6b), which promotes higher fluid percolation.
The porosity is mostly composed of low aspect ratio pores. The compressive tectonics phase
to which the area was subjected to rearranged the grains and modified the shape of the
intergranular pores. The microfractures also decrease the average aspect ratio of the Lajas
and Punta Rosada porosity.
Figure 3.6: a) Scanning electron microscopy image of a sample from well D-06, showing a
feldspar’s grain with holes of dissolution on its surface in Punta Rosada Formation. (In is
a code for grain dissolution). b) Microfractures in feldspars grain increasing dissolution in a
sample of well A-03, Punta Rosada Formation (extracted from internal report).
3.3 Elastic Properties
It is well known that the P-velocity sensitivity to fluid variation in tight rocks is very
low, and this fact is not different for the tight sandstone of the study area. Figure 3.7
shows histograms of compressional velocities (VP ), acoustic impedance (AI), an P- to S-
wave velocity ratio (VP/VS) of the Lajas and Punta Rosada formations in the studied area
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for all available wells. The probability density functions (PDF) reveal that the mean VP
of sandstones (blue and red) is higher than that of shales (green), because of chemical and
mechanical compaction in sandstones, as discussed in Section 3.1. The velocity histograms
also indicate that the VP of these reservoirs is not highly sensitive to fluid variation: the
velocities of the tight sandstones with gas overlap those with water.
Figure 3.7: Elastic property PDF’s of the different litho-fluid facies of Punta Rosada and
Lajas formations. a) VP , b) (AI), and c) VP/VS.
As the gas density is lower than that of water, the presence of gas slightly decreases
the AI of the sandstones, displacing the tight-gas histogram towards the shale AI range
(Figure 3.7b). This behavior can also be observed in the well logs in figure Figure 3.8. This
overlap between sandstones with gas and shales makes the separation of these lithologies
using only the acoustic impedance unattainable.
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Figure 3.8: Filtered AI and VP/VS logs of well A-10. The sandstones are stiffer than shales,
resulting in dim spots in the presence of gas. VP/VS of gas-bearing reservoirs are lower than
the water-bearing reservoirs.
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Analysis of other elastic properties reveals that the sandstones with gas can be better
distinguished using VP/VS, which is significantly lower than that of shale and brine-bearing
tight sandstone (Figure 3.7c and Figure 3.8 (right)). The importance of the VP/VS can
also be analyzed in the crossplot domain shown in Figure 3.9, where the points represent
the VP/VS log from all wells in the area. This plot provides essential information regarding
lithology, porosity, and fluid content. The distance between the trend lines of brine-filled
(water saturation greater than 0.5) and gas-filled (water saturation less 0.5) sandstones is
directed proportional to the sensitivity of fluid variation. Lower porosities result in higher
velocities and lower fluid sensitivity. The point where the trend lines for gas- and water-
saturated sandstones intersect represents the VP and VS values of the rock mineral matrix,
which is equivalent to the rock with zero porosity (mineral point). As the porosity increases,
the gas and water lines separate, meaning an increase in sensitivity to the fluid.
Figure 3.9: Crossplot of VP and VS from all available wells in the study area. The lines are
adjusted to gas-sandstones (SW<0.5) and water-sandstones (SW>0.5), and shales (volume
of clay>0.15). The figures are color-coded by water saturation (left) and total porosity
(right).
In summary, acoustic impedance provides low sensitivity to the fluid for the studied
tight sandstones, despite being the most easily available elastic property from seismic data.
Furthermore, the VP/VS is more valuable in separating reservoirs with water and gas. We
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can then combine these two properties to a single plot (Figure 3.10), which is the basis of my
rock physics template. This plot is important because it shows the relationship of two elastic
properties that can be extracted from the seismic data through the elastic inversion. The
histograms of the vertical and horizontal axis show the PDF’s of the VP/VS and the acoustic
impedance, respectively, for the three litho-fluid facies. The analysis of this figure reinforces
the previously discussed fact that the VP/VS histograms have greater separation among the
litho-fluid facies when compared with the AI histograms. The black arrow illustrates the
approximately direction of the gas effect on this crossplot. The rock physics model, later
described in this section, shows that the gas effect is not exactly a simple straight line, as
not only water saturation but also porosity influence this trend.
Figure 3.10: Crossplot of well log data from well A-02 showing the different litho-fluid facies.
The lateral PDF’s show how valuable the VP/VS is to identify gas-bearing sandstones in the
seismic data.
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Lajas and Punta Rosada formations show significant similarity in the statistical distribu-
tion of their elastic properties. Figure 3.11 indicates that the histograms of each formation
have very close mean and standard deviation, especially those of VP/VS, which, as previously
discussed, is the main fluid discriminator for these reservoirs. The acoustic impedance of the
Lajas formation has a mean marginally lower than that of the Punta Rosada formation. As
shown in Figure 3.12, this is due to the fact that the volume of clay and porosity are slightly
higher in the Lajas formation.
Figure 3.11: Histograms of AI and VP/VS of Punta Rosada and Lajas formations. Statistical
properties are very similar for both formations.
Figure 3.13 shows the histograms of elastic properties for the available wells individually,
which reveals that the sensitivity of the VP/VS is also more significant than AI for iden-
tification of lateral variations in the reservoirs through the study area. For example, Well
D-06 has the lowest average gas saturation, resulting in a low VP/VS mean, whereas the well
B-07 have greater values of gas saturation, resulting in a high VP/VS mean. However, the
AI histograms for theses wells do not show a significant difference.
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Figure 3.12: Histograms of volume of clay (VCL) and total porosity (TPHI) of Punta Rosada
and Lajas formations. Lajas porosity is slightly higher than Punta Rosada. Lajas is also
more shaly.
Figure 3.13: AI and VP/VS histograms for individual wells within the Punta Rosada and
Lajas formations. VP/VS histograms show higher variation over the wells, reflecting the
different gas saturation zones through the area, whereas the AI histograms do not show
lower contrast across different wells.
24
3.4 Fluid Properties
The properties of the fluids present in the reservoirs are calculated based on the pressure,
brine salinity, temperature, and gas gravity values present in internal reports and well logs.
These values are utilized to calculate the density and bulk modulus of water and gas using
the widely known empirical equations of Batzle & Zhijing Wang (1992). The result is used
to represent the fluid properties in the rock physics model presented later in this chapter.
As discussed before, the reservoirs can reach up to a thickness of 1,000 meters, that causes
some variability in the fluid properties. Thus, I decided to use average values to represent
the fluids properties of the study reservoirs.
Table 3.1 lists the average inputs used in the Batzle & Zhijing Wang (1992) equations
and Table 3.2 lists the calculated results.
Table 3.1: Average fluid properties.
Temperature (◦C) Pressure (psi) Salinity (ppm) Specific Gravity
Brine 109 6,595 38,069 -
Gas 109 6,595 - 0.6
Table 3.2: Fluid elastic properties resulting from Batzle & Zhijing Wang (1992) equations.
Density (g/cm3) Bulk Modulus (GPa) Shear Modulus (GPa)
Brine 0.9989 2.7671 0.0





The reflection and transmission coefficients of compressional and shear seismic waves
at an interface between two elastic media are given by Zoeppritz (1919) equations, which
describe the partitioning of energy based on stress conservation and displacement across
boundaries of layers. This forward model has 4 equations and 4 unknowns (Russell (2014)).
Several approximations to the Zoeppritz’s equations have been developed, aiming both
performance and arrangements to express better the relation between the reflection ampli-
tudes and rock elastic properties. Aki & Richards (1980) formulated a linear approximation
to Zoeppritz’s equations for PP-waves, by assuming weak contrasts between P-velocity, S-
velocity, and density (Avseth et al. (2005)):
R(θ) ≈ 1
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∆ρ = ρ2 − ρ1,
∆VP = VP2 − VP1,
∆VS = VS2 − VS1,
θ = (θ1 + θ2)/2 ≈ θ1,
ρ = (ρ2 + ρ1)/2,
VP = (VP2 + VP1)/2,
VS = (VS2 + VS1)/2,
and θ1 is the angle of incidence, θ2 is transmission angle; VP1 and VP2 are the P-wave velocity
for the upper and lower layer; VS1 and VS2 are the S-wave velocity for the upper and lower
layer, whereas ρ1 and ρ2 are the densities for the upper and lower layers.
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Shuey (1985) further simplifies Aki and Richard’s equation, defined as follows:




































The term related to parameter F can be disregarded on two occasions: when the incident
angle is smaller than approximately 30◦ and/or when the parameter F has a small value,
close to zero (Rosa (2018)). These assumptions allow the formulation of the Shuey’s 2-term
equation:
R(θ) ≈ R(0) +Gsin2θ. (4.3)
In equations 4.2 and 4.3, R(0) is the reflectivity at normal incidence (θ = 0) and G
describes the variation of reflectivities across angles up to 30◦. F , in Equation 4.2, describes
the behavior for incident angles higher than 30◦.
Intercept and Gradient are important parameters used to analyze the Amplitude Varia-
tion with Angle of incidence (AVA). AVA analysis is often employed for hydrocarbon identi-
fication, as different fluids in the rock change the elastic properties of the medium resulting
in greater variation of the reflection coefficient (or reflectivity) with the angle of incidence.
Equation 4.3 is widely used in the geophysical industry, as it can be used to easily estimate
Intercept (R(0)) and Gradient (G) parameters from pre-stack seismic data (Rosa (2018)).
For interfaces between shales and tight sandstones analyzed in this thesis, the parameter F
(in 4.2) is relatively small, because the contrast of VP between these lithologies is small (see
Section 3.3) and the average velocities of both are high. In this context, the approximation
presented in Equation 4.3 is considered valid even for angles slightly larger than 30◦.
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Figure 4.1 shows the comparison of amplitude variation with angle of incidence, calculated
for average properties of the gas-bearing reservoirs in the area, using Zoeppritz, Aki and
Richard, Shuey 3-term and Shuey 2-term equations.
Figure 4.1: Comparison of amplitude variation with angle of incidence, calculated for average
properties of the Punta Rosada and Lajas gas-bearing reservoirs (bottom layer) and shales
(top layer), using Zoeppritz, Aki and Richard, Shuey 3-term and Shuey 2-term equations.
In the following section, I show how the parameter G is essential for the identification of
gas in the tight-sandstone reservoirs of Punta Rosada and Lajas.
4.2 AVA Classification
The analysis of AVA classes is a robust technique widely used for fluid identification
in exploratory seismic interpretation. This analysis is based on the Intercept (R(0)) and
Gradient (G) (Equations 4.2 and 4.3) and aims to classify the position of these parameters
when cross-plotted together (Intercept on the horizontal axis and Gradient on the vertical
axis). This crossplot, also knows as AVA space, synthesizes the information of reflectivity
variation with the incidence angle, where the Intercept is the reflectivity for normal incidence,
and the Gradient describes the slope of this curve.
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AVA classification was first proposed by Rutherford & Williams (1989), who defined
Classes 1, 2, and 3. All these classes have a negative Gradient, i.e., reflectivity decreases
with the angle of incidence (Feng & Bancroft (2006)). Castagna & Swan (1997) extended
Rutherford & Williams (1989) classification by adding Class 4, which is the only class with
positive Gradient (Figure 4.2).
Figure 4.2: AVA classification scheme proposed by Rutherford & Williams (1989) and ex-
tended by Castagna & Swan (1997). Reflectivity coefficient variation with angle of incidence
for the different AVA classes (left) and its respective points in the Intercept vs Gradient
crossplot (right). This image was generated using an adaptation of the code find in Amato
del Monte (2019).
4.3 Monte Carlo AVA Analysis
A straightforward approach commonly used for characterizing the seismic response at
an interface is to calculating intercept and gradient by taking the simple average of VP ,
VS, and densities of the reservoir (lower layer) and seal (upper layer). Figure 4.3 shows an
AVA analysis based on the average properties of tight sandstones with gas (SW<0.25 and
VCL<0.08) and with water (SW>0.75, VCL<0.8). The average of the shale properties is
calculated based on samples with VCL>0.4. The reflectivities of this single interface across
the incident angles are calculated through Shuey’s 3-term (Equation 4.2).
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Figure 4.3: Results of Shuey’s equation (4.2) applied using sandstone (lower layer) and shale
(upper layer) average properties. a) and b) show AI and VP/VS averages for brine- and
gas-bearing reservoir. c) and d) show the synthetic seismogram calculated for angles from
0 to 40◦ for brine- and gas-bearing reservoirs. e) shows the amplitude changing with the
incident angles across the interface for brine and gas. f) shows the correspondent brine and
gas points in the Intercept vs Gradient space. The Roman algorithms indicate each AVA
class. This image was generated using an adaptation of the code find in Amato del Monte
(2019).
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This simplistic analysis works well for high porosity reservoirs and for those composed
of one layer without significant variation in net-to-gross, thickness, porosity, clay content,
pressure, pore shape, etc. However, the reservoirs present in the Lajas and Punta Rosada
formations are more complex. They are composed of a thick stack of sandstone bodies
(900 m to 1,500 m) with individual layers ranging from 10 to 70 m, where each layer has
low porosity, complex pore shapes and presents textural and compositional variation. This
challenging setting makes the AVA analysis based on simple averages inaccurate for a ro-
bust interpretation of these reservoirs. Such variability can be accommodated by statistical
methods for AVA characterization, which encourages the use of the Monte Carlo simulation
to generate probability density function (PDF) of the Gradient and Intercept distribution.
This methodology allows the quantification of uncertainty in AVA classification. Mukerji &
Mavko (2006) apply a similar approach to asses uncertainty in rock physics interpretation.
The objective of the Monte Carlo simulation is to statistically analyze, using 1,000 simula-
tions, how the gas- and water-bearing reservoirs are distributed in the AVA space. Figure 4.4
shows the flow chart of this process schematically. I have calculated the Intercept and Gra-
dient for each of the simulations through Shuey’s equation (4.2), which receives random
values of shale and tight sandstones properties based on the actual VP , VS, and density(ρ)
distributions. The distribution of the properties of each litho-fluid facies used is based on
all available wells which cross the Punta Rosada and Lajas formations.
The results of the 1,000 simulations are accumulated resulting in a PDF of the Intercept
and Gradient distribution. Through this method, I can evaluate not only the most likely
AVA class for gas- and water-bearing reservoirs, but also the dispersion of these samples.
Figure 4.5 and Figure 4.6 show the result of this process for water and gas reservoirs, re-
spectively. Most points fall in the region of Classes 1 and 2 for both brine- and gas-bearing
reservoirs, but some areas of the PDF’s fall into other AVA classes. The mean intercept
for both brine- and gas-bearing reservoirs are low (0.03 and 0.02, respectively) because the
acoustic contrast between the shales and the sandstones is low in the given formations. Ad-
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ditionally, the intercept of gas- and water-filled reservoirs have close values, because the
acoustic impedance of these tight sandstones shows low sensitivity to fluid variation (see
Section 3.3 and term R(0) in the Equation 4.2).
The mean Gradient indicates more sensitivity to fluid in the sandstones. The mean for
brine is -0.10 and for gas is -0.17. Equation 4.2 shows that the gradient term (G) is dependent
on the ratio between seismic velocities, which is responsible for the larger fluid sensitivity
(see Section 3.3).
Figure 4.4: Schematic representation of AVA Monte Carlo simulation for one iteration. VP ,
VS, and density of the shale and tight-sandstone layers are randomly selected based on the
real distribution of these properties. Shuey’s equation is used to compute the Intercept and
Gradient of the simulated interface and plotted in the AVA space. The plots on the right
hand side was generated using an adaptation of the code find in Amato del Monte (2019).
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Figure 4.5: Monte Carlo AVA simulation for brine-bearing reservoirs (1000 iterations). a)
Each red line shows the variation of amplitude with the incident angle for each simulated
interface. b) displays the points computed from this simulation in the Intercept vs Gradient
space. c) and d) plots shows the PDF’s derived from the accumulated results.
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Figure 4.6: Monte Carlo AVA simulation for gas-bearing reservoirs (1000 iterations). a)
Each red line shows the variation of amplitude with the incident angle for each simulated
interface. b) displays the points computed from this simulation in the Intercept vs Gradient
space. c) and d) plots shows the PDF’s derived from the accumulated results.
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4.4 AVA Forward Model: Well B-08
In this section, I describe the AVA forward modeling applied to well A-08. The purpose
of this modeling is to use a real well to validate the Monte Carlo AVA analysis described
in the previous section which indicates Classes 1 and 2 for the gas-bearing reservoirs of the
Punta Rosada and Lajas formations.
For this analysis, I consider the assumption that the gas layers are entirely saturated,
from top to bottom. This interpretation is supported by the BCGA model (Section 2), which
predicts that gas migration is driven by pore pressure instead of buoyancy. This mechanism
pushes all free water out of the reservoir, resulting in layers completely saturated with gas.
This premise leads me to identify AVA anomalies not only at the top of the reservoirs but
also at the bottom of them. The AVA anomalies resulting from the base of gas layers are
located in the upper left quadrant of the Intercept vs Gradient crossplots (Figure 4.7a, green
polygon), whereas the anomalies at the top of the reservoirs are situated in the lower right
quadrant (Figure 4.7b, red polygon). The steps I use in this modeling are as follows:
1. I use Shuey’s 3-term (Equation 4.2) to compute the reflection coefficients synthetic
seismogram for different angles.
2. I calculate the synthetic seismogram by convolving the reflectivity series with a deter-
ministic wavelet, which was extracted from the seismic data and wells.
3. I calculate the Intercept and Gradient for all the samples within the interval of the
Punta Rosada and Lajas formations.
4. In the Intercept vs Gradient space, I select the points within the expected region for
the gas anomalies (Classes 1 and 2). I select not only the points referring to the top
of the reservoirs (Figure 4.7b, in red), but also the points related to the base of the
tight sandstones ((Figure 4.7b, in green)). The points selected by the polygons are
highlighted on plot A (track 4), on the left side of the synthetic seismogram. Note that
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despite the complex staking of gas layers, all the samples inside the green polygon are
located at the base of the main stacked gas layers, while the red samples are situated
at the top of these main layers.
5. I select five horizontal levels (straight lines in Figure 4.7a) and plot their amplitude
variation with the incident angle in Figure 4.7c. The red lines are are from the top of
gas-bearing layers, whereas the green lines are from the base.
Figure 4.7: AVA forward modeling. a) P-wave slowness, S-wave slowness and density in
tracks 1, 2 and 3. Samples representing AVA Classes 1 and 2 in the top (red) and base (green)
of gas layers (track 4). These samples represent those points selected by the polygons in b).
Synthetic seismogram for angles from 0◦ to 45◦ (track 5). Gas saturation in track 6. The
gas saturation log filtered to the seismic bandwidth is in track 7. b) Intercept vs Gradient
space. The red polygon represents AVA Classes 1 and 2 from the top of gas layers, whereas
the green polygon represents the same classes from the base of these layers. c) Amplitude
variation with incident angle, where each line corresponds to the indicated TWT. The red
lines represents the anomalies from the top of the reservoirs, whereas the green lines are from
the base.
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In summary, AVA forward modeling performed using the well A-08 confirms that the gas
anomalies from Punta Rosada and Lajas reservoirs are Classes 1 and 2. These results also
confirm one of the premises of the basin-centered gas accumulation model, which considers
that gas migration and free water expulsion are processes controlled by high pressure instead
of buoyancy. The amount of free water in the system is meager, resulting in reservoirs
saturated with gas from top to bottom, which expresses the respective AVA anomalies in




Traditional models used to predict properties of high porosity sandstones assume that
a rock is formed by a pack of grains. The porosity of this pack decreases when the grains
are rearranged and/or when the porous space is filled with cement or by smaller grains
deposited between the larger grains (Dvorkin et al. (2014)). These authors also state that
these conventional models do not consider flat pores and fractures, commonly present in
tight sandstones, as factors that influence the elastic parameter of the rocks. Thus, new
models are needed to represent rocks with complex pore shapes.
Besides the elastic properties of the matrix, inclusion-based models consider that the
pore aspect ratio α also influences the effective elastic parameters of rocks. Considering
an elliptical inclusion, α is the ratio between the smaller and larger axes of the pore. A
round inclusion has α=1, whereas an elliptical inclusion has α < 1. Inclusions with higher α
increase the overall stiffness of the rock, while pores with lower α soften the rock. Inclusion-
based models build the rock by inserting inclusions into a solid matrix background (Dvorkin
et al. (2014) and Mavko et al. (2009)). Besides tight sandstones, this type of model is also
widely used to predict elastic properties of carbonate rocks, in which pores are considered
inclusions within a carbonatic or dolomitic matrix, as described by Xu & Payne (2009).
In this research, the Differential Effective Medium (DEM) model (Berryman (1992)),
and Kuster-Toksöz (KT) model (Kuster & Toksöz (1974)) are the inclusion-based theories
applied to calculate the elastic properties of the rock. Gassmann (1951) theory is used to fill
the pores with fluids and calculate the elastic properties of the saturated rocks.
This chapter of my thesis describes the workflow used to construct two different rock
physics models (Figure 5.1). Both are build using inclusion-based models and Gassmann’s
theory, but with variations in some steps and assumptions.
38
Figure 5.1: Schematic representation of the steps used to model the saturated rock through
the Methodology 1 (above) and 2 (below). The Methodology 1 computes the the dry rock
properties only using the DEM theory. The Methodology 2 uses (Kφ) laboratory measure-
ments to compute the dry rock as a function of pressure.
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Methodology 1: The matrix elastic properties, calculated through KT theory, are input
to calculate the dry frame properties using DEM theory. Then, the dry frame is saturated
with fluids using Gassmann’s theory.
Methodology 2: The matrix elastic properties, calculated through KT theory, are input to
calculate the dry frame properties using pore compressibility (Cφ) laboratory measurements.
Then, the dry frame is saturated with fluid using Gassmann’s theory.
These rock physics models are used to construct multi-dimensional rock physics tem-
plates (RPT), which were first presented by Odegaard & Avseth (2004) and have since been
widely used in the petroleum industry and academia. I use RPT’s as a crucial tool to iden-
tify the gas-saturated tight sandstones and to quantitatively interpret the seismic inversion
and AVA attributes. The final outcome of the rock physics model is to predict water satu-
ration, porosity and clay content based on P-to-S-wave velocity ratio (VP/VS) and acoustic
impedance (AI), which are elastic properties obtained from seismic inversion.
Rock physics modeling allows analysis of seismic sensitivity to variation in fluid, clay
content, and porosity. Based on the paper of Avseth & Veggeland (2015), I use the elastic
properties’ predictions provided by this modeling to formulate three important rock physics
attributes, specifically designed for the given reservoirs, allowing the quantification of gas
saturation, porosity and volume of clay.
5.1 Background Theory
5.1.1 Kuster-Toksöz (KT) Theory
Kuster & Toksöz (1974) uses the long-wavelength first-order scattering theory to formu-
late P- and S-wave velocities of a composite medium for long wave-lengths (Mavko et al.
(2009)). The goal of their work is to model a medium composed of a background mineral
matrix with inclusions of a second material, which can be a mineral, fluid, or void. The
effective bulk (KKT ) and shear (µKT ) modulus for different type of inclusion shapes (Kuster
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Here, Km and µm are the bulk and shear modulus of the background medium, and Ki and
µi are the moduli of an inclusion of material i. Note that with this formulation, one can
add several inclusion shapes to a background matrix. The different inclusion shapes are
represented by the index i. xi is the volume concentration of each type of inclusion.
To simulate void inclusions, the Ki and µi are set to zero. In this case, KKT and µKT
results in the moduli of the dry frame. To simulate fluid inclusions, only µKT is set to zero.
The effect of the inclusion shapes are in the coefficients Pmi and Qmi, which are different
for each type of inclusion shape. Berryman (1995) lists the Pmi and Qmi coefficients for
spheres, needles, disks, and penny cracks. I choose the penny crack shape to model the
reservoirs in this thesis, because this is the only inclusion shape which allows to select the
inclusion aspect ratios (α). α is the ratio of the shortest axis to longest axis of the inclusion.









































According to Mavko et al. (2009), the following are some limitations and assumptions of
the Kuster-Toksöz model:
• The model is limited to the dilute concentration, which means that the maximum
fraction volume of inclusions into the background matrix is equal to the inclusion
aspect ratio.
• The inclusion shapes are idealized (spheres, needles, disks, and penny cracks)
• The medium is isotropic.
• The results are adequate only for high frequency (ultrasonic) measures because the in-
clusions are considered isolated, not allowing the re-equilibrium of the pressure induced
by a seismic wavefront.
5.1.2 Differential Effective Medium (DEM) Theory
DEM theory models the elastic properties of a rock composed of two phases, where Phase
2 is gradually inserted as inclusions into Phase 1 (background). Phase 2 can be filled with
a mineral, fluid, or even be empty inclusions. The shape of inclusions impacts the modeled
elastic parameters, as also seen with the Kuster-Toksöz (KT) theory.
The gradual insertion of inclusions into the background matrix allows going beyond the
dilute concentration, which is one of the premises of the KT theory (Avseth et al. (2014) and
Mavko et al. (2009)), as mentioned previously in Section (5.1.1). As a first step, a certain
amount of inclusions is inserted into the background matrix, generating a new matrix. In the
next step, more inclusions are inserted in this new matrix, forming, again, another mineral
matrix. This process repeats until the desired volume of inclusions is achieved.
This inclusion-based model does not have a closed solution, but a coupled system of
differential equations, which results in the effective elastic parameters of the rock (Dvorkin
et al. (2014) and Mavko et al. (2009)). The inputs of the model are: elastic modulus of
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the minerals constitutes of the background matrix, and elastic modulus, volume, and aspect
ratio of the inclusions (Dvorkin et al. (2014))
Berryman (1992) formulates the ordinary differential equations that result in bulk (Kdem)
and shear (µdem) effective modules as follows:
(1− y) d
dy
[Kdem (y)] = (Ki −Kdem)Pmi (y) ,
(1− y) d
dy
[µdem (y)] = (µi − µdem)Qmi (y) .
(5.4)
In the first iteration, Kdem (0) = Kbg and µbg (0) = µbg, where the subscript bg means
the moduli of the background material (Phase 1). Ki and µi are the moduli of the inclusion
material (Phase 2), and y is the volume fraction of Phase 2. Pmi and Qmi are coefficients
that apply the effect of the shape in the effective elastic moduli, and for penny crack shapes
are described in equations 5.2 and 5.3.
For fluid inclusions, only the bulk modulus is required, as the shear modulus for fluids
is zero. For void inclusions, bulk and shear moduli is set to zero, and y is equal to porosity
(Mavko et al. (2009)).
Modeling a rock with fluid inclusions using DEM is only suitable for high-frequency ul-
trasonic measurements. This limitation is present because this model considers disconnected
inclusion, not allowing the pressure to equilibrate through the pore space after the excite-
ment caused by elastic wave propagation. To solve this problem and accurately represent
the seismic response of the fluids, I use the DEM model only to calculate the dry rock prop-
erties by adding empty inclusions (elastic moduli equal to zero) into the rock mineral matrix
(Kmin). Subsequently, I use the Gassmann’s theory to saturate the dry rock with the desired
fluid. This solution is suggested by Mavko et al. (2009) and Avseth et al. (2014).
5.1.3 Gassmann’s Theory
One of the main problems in rock physics is to predict the properties of a rock containing a
different fluid than the fluid contained in the original rock measured by well logs. Gassmann’s
relations allows the prediction of dry frame properties from log measurements of saturated
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where Kmin, Ksat, Kdry, and Kfl are the bulk moduli of the rock mineral matrix, saturated
rock, dry rocks and fluid, respectively. φ is porosity.
Gassmann’s relations are valid for modeling low frequency phenomena, i.e. the formula-
tion considers that the pressure Gradient, induced by a passing seismic wave, is equilibrated
through connected pores before a new increment of compression. This assumption allows
the use of the Gassmann’s theory to fill the dry frame provided by the DEM theory, and
predict the properties of saturated rock. Gassmann’s equations assume that bulk modulus is
homogeneous and the rock is isotropic. Thin sections and core data analyses reveal that the
Punta Rosada and Lajas reservoirs do not exhibit bedding or textures that justifies velocity
anisotropy.
5.1.4 Homogeneous Saturation vs Patchy Saturation
In the case of the studied reservoirs, the pore fluid is composed of a mixture of gas and
water. Thus, the properties of these two fluids need to be combined to obtain the elastic
parameters that best define the mix. According to Mavko et al. (2009) and Avseth et al.
(2005), the seismic velocity depends not only on the proportion of the mixture but also on
the distribution state of the multiple phases present in the rock. Therefore, fluid can be
mixed using two different approaches: homogeneous saturation and patchy saturation.
Homogeneous saturation: This methodology considers that the fluids filling the pores are
immiscible and homogeneously distributed in the rock, where the proportion between fluid
phases does not vary within different regions of the reservoir (Smith et al. (2003) and Azuma
et al. (2013)). In this case, the effective bulk modulus of the mixture is calculated using the












where Keff is the effective bulk modulus of the fluid mixture, Sgas is the gas saturation, Sw is
the water saturation, Kgas is the bulk modulus of gas, and Kw is the bulk modulus of water.
In the case of oil in the system, the term
Soil
Koil
should also be added into the parenthesis.
Patchy saturation: This approach considers that the fluid phases present in the pores are
not mixed on a fine scale, forming patches that maintain its pressures unbalanced during
the passage of a seismic wave. This type of saturation occurs due to spatial variations in
wettability, shalyness, and permeability (Avseth et al. (2005)). Low permeability facilitates
the formation of patches as the thin pore throats hinder the movement of the fluid with
higher viscosity, while the gas can move more freely. The effective bulk modulus for patchy












M = ρV 2p , (5.8)
where Meff , Mw, and Mgas are the P-wave effective modulus of the total rock, gas-saturated
rock and water-saturated rock. Vw and Vgas are the volume fraction of water and gas in the
pore space and ρ is density. Definition of P-wave modulus is presented in Equation 5.8.
Patchy saturation is the model that best represents saturation in the Punta Rosada and
Lajas tight sandstones, as its low porosity is prone to formation of patches. Also, this
saturation model is more common in the presence of free gas (Sengupta, 2000), such in the
gas field studied in this research. Thus the Gassman-hill model is applied in the rock-physics
model described in this thesis. Further analyses are found in Section 5.4.2 and Figure 5.15.
5.2 Methodology 1
5.2.1 Rock Mineral Matrix Properties
To calculate the elastic properties of the rock mineral matrix, I use the Voigt-Reuss-Hill
average (VHR) (Hill (1952)) and the Kuster-Toksöz (KT) model. First, the minerals are
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separated into two groups: silicate background and clays. The X-Ray diffraction determined
the various mineral proportion (see Section 3.2). Silicate minerals are treated as the matrix
background of the rock in which clay inclusions are inserted (Figure 5.2). The properties
and the average proportion of each mineral are listed in Table 5.1 (mineral properties are
provided by Mavko et al. (2009) and Bass (2013)).
Figure 5.2: Methodology to estimate the rock mineral matrix elastic properties.
Table 5.1: Mineral properties (from Mavko et al. (2009) and Bass (2013)).
K (GPa) µ (GPa) ρ (g/cm3) Proportion
Quartz 37.0 44.0 2.65 30%
Plagioclase 75.6 25.6 2.63 58%
K-Feldspar 53.7 27.2 2.56 4%
Clay 25.0 9.0 2.60 8%
To calculate the shear and bulk modulus of the silicate matrix, I combine the miner-





















where MV is the Voigt upper bound (Voigt (1928)) and MR is the Reuss lower bound (Reuss
(1929)), defined in equations 5.10 and 5.11, respectively. fi and and Mi are the volume
fraction and mineral modulus of each mineral in the mixture.
The properties of the silicate matrix, resulting from the VHR average, are listed on the
first line of Table 5.2, whereas the clay matrix properties are listed on the second line. Clay
moduli and density are provided by Castagna et al. (1993).
Table 5.2: Properties of silicate and clay matrices. Clay moduli and density are provided by
Castagna et al. (1993).
K (GPa) µ (GPa) ρ (g/cm3) Proportion
Silicate Matrix (Background) 47.6 36.4 2.64 92%
Clay Matrix 25.0 9.0 2.55 8%
The next step is to insert the clay inclusions into the silicate matrix using the KT model,
which results in the rock mineral matrix. Figure 5.2 illustrates this step, where α = 0.1 is
the value chosen to represent the aspect ratio of clay inclusions. The choice of the average
α is based on thin-section analysis. I found this value by fitting ellipses to the clay mineral
shapes and measuring its axis. Figure 5.3 shows elongated clay minerals placed between the
quartz and feldspar grains.
The rock mineral matrix calculated in this step is equivalent to the rock with zero porosity,




In Section 5.4.3, I discuss how the variation in the amount of clay affects the total rock
properties.
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Figure 5.3: Elongated clay minerals placed between quartz and feldspar grains (Well A-10).
(AT) is the code for clay mineral placed in an early stage (extracted from internal report).
5.2.2 Dry and Saturated Rock
For the calculation of the elastic properties of the dry frame, I use the DEM model to
gradually insert empty inclusions into the rock mineral matrix, calculated in the previous
step (5.2.1). These voids offer no compressibility and shear resistance, thus I set the bulk
and shear moduli of the inclusions to zero. Density of the inclusions is also set to zero. The
empty inclusions represent the porosity of the tight sandstones.
To calculate the saturated frame properties, I use the Gassmann model to fill the dry
frame with fluid. The fluid properties are listed in Table 3.2. Figure 5.4 shows a schematic
representation of the dry and saturated rock modeling.
In addition to the mineral properties, the shape of inclusions is an input of the DEM
model, and choosing the α which best fits the well log data is challenging. The lines in
Figure 5.5 represent VP and VS, modeled for dry (dashed) and saturated (continuous) rock
with α of 0.01 (lower lines) and 1.0 (upper lines). I also calculated the acoustic impedance
and VP/VS, resulting in the plot illustrated in Figure 5.6, which shows a range of possible
values for dry and saturated frame in the AI vs VP/VS plot.
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Figure 5.4: Schematic process used to predict the elastic properties of the dry and saturated
rock using Methodology 1.
Figure 5.5: Modeled velocities for dry (dashed) and water (continuous) saturated rock cal-
culated over different porosities. The data are from all available wells, color-coded by water
saturation well log (SW). Note how the velocities can vary from pores with α equal to 0.01
(lower lines) to pores with α equal to 1.0 (upper lines). TPHI is the total porosity well log.
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Figure 5.6: Modeled properties for dry (dashed) and water (continuous) saturated rock
calculated for pores with α equal to 0.01 (ellipses) and 1.0 (circles). The data are from all
available wells, color-coded by a) water saturation well log and b) litho-fluid facies. Note
how the properties can vary from pores with α =0.01 to pores with α=1.0.
As mentioned previously, the porosity of the Lajas and Punta Rosada reservoirs are
mostly composed of low aspect ratio pores, due to fractures and compressive tectonic (see
Section 3.2). Using thin sections to analyze the porosity of the reservoirs, I estimate average
pore aspect ratios ranging from 0.04 to 0.1 (Figure 3.6).
In addition to the analysis of the thin sections, I model the elastic properties of the dry
frames using various aspect ratios, aiming to find the one that best fits the well data (see
Figure 5.7 and Figure 5.8). The lines in Figure 5.7 represent the property modeled for several
aspect ratios with water saturation equal to 20%. The points in the graph represent the well
log data with water saturation of 20% (± 0.5%); most well data fall in the range between
α=0.07 and α=0.1.
Similarly, Figure 5.8 shows the same scheme of plots; however, the properties are modeled
with SW=80%, and the points in the graph represent the well log data with water saturation
of 80% (± 0.5%). In this simulation, most points fall into the range between α of 0.05 to α of
0.07, except for the bulk modulus Figure 5.8a, where the points are broadly spread between
α=0.05 and α=0.1.
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Figure 5.7: α analysis for gas saturated reservoirs. The lines are the elastic properties
modeled using DEM theory for a medium saturated with 20% of brine and 80% of gas. The
lines represents the properties for aspect rations (α) ranging from 0.01 to 1. The data are the
from available wells, filtered to only show the points with water saturation of 20% (±0.5%).
Most points fall between α=0.07 to α=0.1. The data are color-coded by water saturation
well log. a) Bulk Modulus, b) VP , c) shear modulus, and d) VS.
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Figure 5.8: Pore aspect ratio analysis for water saturated reservoirs. The lines are the elastic
properties modeled using DEM theory for a medium saturated with 80% of brine and 20%
of gas. The lines represents the properties for aspect ratios (α) ranging from 0.01 to 1. The
data are the from available wells, filtered to only show the points with water saturation of
20% (±0.5%). Most points fall between α=0.05 to α=0.07. The data are color-coded by
water saturation well log (SW). a) Bulk Modulus, b) VP , c) shear modulus, and d) VS.
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After analyzing thin sections and compare the modeling result with the well data, I
decided that a α of 0.06 best represents the shape of the pores in the Punta Rosada and
Lajas reservoirs.
The steps outlined in Methodology 1 allow for the prediction of water saturation, porosity
and clay content when laboratory measurements are not available.
5.3 Methodology 2
This methodology is similar to the worfkow described above; however, here, Kdry is
obtained from laboratory measurements of pore compressibility (Cφ = 1/Kφ) coupled with
the Kmin that were obtained from the KT theory. After Kdry is computed, the Gassmann
theory is used to saturate the rock (as illustrated in Figure 5.9). In this approach, Kdry is
sensitive to pressure, as opposed to Methodology 1.
Figure 5.9: Schematic diagram illustrating the rock properties modeling using the Method-
ology 2. Kdry is calculated using the previous calculated Kmin and Kφ laboratory measure-
ments. Gassmann theory is used to saturate the rock.
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5.3.1 Biot and Effective Pressure
To calculate the rock mineral properties Kmin, I use the same approach described in
Section 5.2.1: VHR average is applied to mix the silicate minerals (Quartz, Plagioclase and
K-feldspar), resulting in the silicate matrix background. Then, KT model is employed to
insert clay inclusions into this background.
Methodology 2 requires the calculation of effective pressure (Peff ), which is defined as:
Peff = Pc − Biotcoeff (Ppore), (5.12)







Here Kdry is the bulk modulus of the dry frame and Kmin is the bulk modulus of the rock
mineral matrix, calculated in Section 5.2.1.
Kdry is calculated using Gassmann’s relations and the Ksat well log. Figure 5.10 shows an
example of computedKdry and Biotcoeff in the Lajas Formation in the well B-07. Figure 5.11
shows the plot of all wells in the reservoir interval, resulting in a Biotcoeff mean value of
0.46. This value of Biotcoeff will be used to calculate the effective pressure of the reservoirs
in the area.
After Bcoeff mean value is calculated, the effective pressure (Equation 5.12) is calculated
using a constant confining pressure Gradient of 0.8 psi/ft, which is indicated in internal
report as the Gradient used in this gas field. Figure 5.12 shows the effective, confining,
and hydrostatic pressures for well B-07. The effective pressure calculated within the Punta
Rosada and Lajas reservoirs ranges within a small interval: approximately from 5700 psi to
6400 psi.
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Figure 5.10: Fluid substitution and Biot coefficient results. Track 3 shows the results of Kdry
calculated through Gassmann’s fluid substitution model. The calculated Kdry, coupled with
Kmin, allows the calculation of the Biot coefficient (Track 4). This is a calculated interval
within the Lajas Formation from well B-07.
Figure 5.11: Biot coefficients calculated for the tight sandstones from all available wells
within the Lajas and Punta Rosada formations. The Biotcoeff mean value obtained from
this cloud of points is 0.46.
55
Figure 5.12: Hidrostatic (or normal pore pressure: 0.433 psi/ft), lithostatic (0.8 psi/ft),
pore, and effective pressure in the well B-07. The blue dashed line is the differential pressure
calculated using the Bcoeff of 0.46.
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5.3.2 Dry and Saturated Rock
To model Kdry, I use pore compressibility coefficient (Cφ) measurements of a reservoir
core sample of the well C-06 (Lajas Formation). Cφ measures the fractional change in pore










In this experiment, the confining pressure was kept constant, whereas the pore pressure
gradually changed from 500 psi to 5000 psi. In this case, pore pressure is equal to effective
pressure.









where Kφ = 1/Cφ. Kmin is calculated in Section 5.2.1
Figure 5.13 shows the Kφ and Kdry points calculated from Equation 5.15.
Figure 5.13: a) Kφ, obtained from laboratory measurements. b) Kdry, calculated from Kφ
and Kmin. The data is fitted with exponential functions.
The curve which fits the Kdry can be expressed as:
Kdry = 0.46 + 0.00049(Pdiff )
1.2. (5.16)
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After Kdry and effective pressure are calculated, the final step to obtain the elastic prop-
erties of the saturated rock is to use Gassmann’ relations to insert fluid into the dry frame.
This fluid can be water, gas, or a combination of the two. In the next section, I discuss
further the fluid effect in the rock properties.
5.4 Model Sensitivity
5.4.1 Rock Physics Templates
Odegaard & Avseth (2004) introduced the concept of rock physics templates (RPT),
which are widely used for quantitative seismic interpretation. A rock physics model is used
to calculate elastic properties as a function of variation in water saturation, clay content,
and porosity, resulting in multidimensional plots.
The RPT morphology consists of a plot between AI and VP/VS, constrained by pressure,
mineralogy, and fluid properties. The variable constraints can vary depending on the model
used. For each porosity and water saturation value, the model provides the AI and VP/VS.
In addition, we can simulate the effect of the volume of clay on the elastic properties with a
fixed saturation. Examples of rock physics analyses through RPT can be found in Maulana
(2016) and Avseth et al. (2014). Figure 5.14 shows an example of this type of template.
RPT’s are essential tools because VP/VS and P impedance are properties that can be
obtained from elastic seismic inversion. RPT’s are a straightforward way to map the effect
of fluids, porosity, and lithology on VP/VS and AI properties, allowing quantitative interpre-
tation and classification not only of well log data, but also of seismic inversion. The same
idea can be used to generate templates in the AI vs SI space, which are properties also
obtained from elastic inversion.
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Figure 5.14: Example of a rock physics template. The lines represents modeled elastic
properties for sandstones with same porosity (black) and same water saturation (red). The
points are from wells color-coded by water saturation (extracted from Kabanda (2014)).
5.4.2 Effect of Fluid and Porosity on Seismic Properties
In this section, I analyze the sensitivity of the seismic properties using rock physics
templates. To measure and distinguish the effect of fluid variation on elastic parameters,
some constraints must be set on the rock physics model, such as volume of clay, effective
pressure, pore aspect ratio, and temperature (Table 5.3). The reference volume of clay and
effective pressure values were defined using the average values of the target formations from
all wells. The reference pore aspect ratio was defined in Section 5.2.2, whereas the reference
temperature was obtained from internal reports.
Table 5.3: Constraints used to analyze the fluid sensitivity of the model.
Volume of Clay (frac) 7.9
Effective Pressure 6036 psi
Pore Aspect Ratio 0.06
Temperature 109◦C
To construct the templates, I apply all the steps of Methodology 2 (see Section 5.3),
summarized as follows:
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1. Calculate the Kdry and µdry of the rock for different porosities with the parameters of
Table 5.3.
2. Use Gassmann’s theory to saturate the dry rock with mixtures of water and gas, with
water saturation values varying from 0 to 100%. I use the patchy saturation model (see
Section 5.1.4) to calculate the fluid properties, as this models best fits the well log data.
Figure 5.15 compares the RPT’s calculated using patchy saturation and homogeneous
saturation approaches.
3. Calculate the density of the saturated rock.
4. Calculate VP , VS, AI, and SI using Kdry, µdry and densities calculated in the previous
steps and plot the results in the AI vs VP/VS and AI vs SI spaces. Label each point
with the respective porosity and water saturation.
Figure 5.15: RPT’s calculated using a) patchy saturation model and b) homogeneous satu-
ration to mix fluids. Patchy saturation better fits the well data in the given reservoirs and is
the approach selected to calculate the fluid properties in the methodology described in this
thesis.
The template resulting from the steps described above is shown in Figure 5.16. The points
correspond to the VP/VS and AI of the Punta Rosada and Lajas formations from the well B-
14. The template provides a visualization of the model’s predictions, and Figure 5.16 reveals
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that the water-saturation and porosity resulting from this modeling have an acceptable match
with the well data.
The RPT overlapping the data from all available wells over within Lajas and Punta
Rosada formations is shown in Figure 5.17. Even considering this large amount of data, the
template still reasonably matches the wells. The water saturation and porosity measurements
are mostly within the model predictions. Mostly shales and shaly-sandstones (grey points)
are above the line of saturated sandstone, as the clay mineral have low VS, increasing the
VP/VS. The degree of uncertainty is due to the fact that the predictions are modeled using
fixed constraints, whereas the well log data can have variations in mineral composition,
pressure, temperature and pore aspect ratio.
Similarly to the RPT’s displayed in Figure 5.16 and Figure 5.17, to construct the template
in the AI vs SI space, I calculated P and S impedance for different values of SW and porosity,
and plotted these results with the respective label. Figure 5.18 and Figure 5.19 display the
AI vs IS template overlaid the well log data from well B-14 and from all wells in the area,
over the reservoir interval. The accuracy between the modeled points and the well logs is
similar to that obtained in the AI vs VP/VS template.
Another useful template for fluid prediction is in the Intercept vs Gradient space. In this
template, each point represents the properties of an interface between shale (upper layer)
and tight sandstone (lower layer). To model each interface, I use fixed values for shale
properties (mean of VP , VS and density, extracted from all available wells) and use the rock
physics model to calculate the properties of the tight sandstones varying porosity and water
saturation. Each modeled interface generates values for Intercept and Gradient. The result
of this process is shown in Figure 5.20 overlapping the PDF’s of the Intercept and Gradient,
previously calculated for the reservoir through the Monte Carlo simulation in Section 4.3.
Note that the rock physics model matches with the Monte Carlo simulation. Most area of
the gas PDF falls inside the polygon, which represents the reservoirs which water saturation
less than 1, whereas most area of the brine PDF falls outside this polygon. However, both
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PDF’s are not entirely separated, overlapping each other in some regions.
Figure 5.16: Rock physics template overlapping well log data from the well B-14. The data
are color-coded by: a) water saturation, b) litho-fluid facies, and c) total porosity. The data
with volume of clay higher than 0.15 are displayed in gray. in b), the green points are the
sandstones with water saturation larger than 0.5 and red points are the sandstones with
water saturation lower than 0.5.
The analysis of the templates and well logs shows that the model can predict water
saturation and porosity using AI, SI, VP/VS, Intercept, and Gradient, which are properties
that can be extracted from the pre-stack seismic data. This capability allows the model to
predict porosity and water saturation using the seismic data (in areas where wells are not
available).
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Figure 5.17: Rock physics template overlapping well log data from all available wells within
the reservoir interval. The data are color-coded by: a) water saturation, b) litho-fluid facies,
and c) total porosity. The data with volume of clay higher than 0.15 are displayed in gray.
In b), the green points are the sandstones with water saturation larger than 0.5 and red
points are the sandstones with water saturation lower than 0.5.
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Figure 5.18: AI vs SI template overlapping well log data from the well B-14. The data are
color-coded by: a) water saturation, b) litho-fluid facies, and c) total porosity. The data
with volume of clay higher than 0.15 are displayed in gray. In b), the green points are the
sandstones with water saturation larger than 0.5 and red points are the sandstones with
water saturation lower than 0.5.
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Figure 5.19: Rock physics template overlapping well log data from all available wells within
the reservoir interval. The data are color-coded by: a) water saturation, b) litho-fluid facies,
and c) total porosity. The data with volume of clay higher than 0.15 are displayed in gray. In
b, the green points are the sandstones with water saturation larger than 0.5 and red points
are the sandstones with water saturation lower than 0.5.
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Figure 5.20: AVA template overlapping the PDF’s of Intercept and Gradient previously
calculated through Monte Carlo Simulation. a) Most area of the brine-bearing reservoirs
PDF falls above the line modeled with SW=1. b) Most area of the gas-bearing reservoir
PDF are inside the polygon modeled for reservoirs with SW<1.
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5.4.3 Effect of Volume of Clay on Seismic Properties
To analyze the influence of volume of clay (VCL) on seismic properties, I use a similar
approach to that applied to fluid sensitivity analysis (see Section 5.4.2). In this analysis,
however, water saturation is one of the constraints used, and the elastic properties are
calculated for different values of porosity and clay volume. Table 5.4 lists the constraints
used as input to the rock physics model to analyze the effect of clay on the seismic properties.
To analyze the influence of clay volume on seismic properties, I use a similar approach
to that applied to fluid sensitivity analysis (5.4.2). In this analysis, however, the water sat-
uration value is one of the constraints used, whereas the elastic properties are calculated for
different values of porosity and clay volume. Table 5.4 lists the constraints of this evaluation.
The reference effective pressure value was defined using the average values of the target for-
mations from all wells. The reference pore aspect ratio was defined in Section 5.2.2, whereas
the reference temperature was obtained from internal reports.
Table 5.4: Constraints used to analyze the clay sensitivity of the model.
Water Saturation 5%
Effective Pressure 6036 psi
Aspect Ratio 0.06
Temperature 109◦
To analyze the model sensitivity to clay variation, I apply the following steps to compute
a rock physics template:
1. For each VCL value to be modeled, I calculate Kdry and µdry for a series of porosities
using the parameters of Table 5.4.
2. Apply Gassmann’s theory to fill the dry rock with a fixed proportion of water and gas.
In this analysis, I model the elastic properties for a reservoir fully saturated with gas
3. Calculate the density of the saturated rock.
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4. Calculate VP , VS, AI, and SI using Kdry, µdry and densities. calculated in the previous
steps and plot the results in the AI vs VP/VS and AI vs SI spaces. Label each point
in the template with the respective porosity and volume of clay.
Figure 5.21 shows the template resulting from the steps described above. The data
correspond to the VP/VS and AI of the Punta Rosada and Lajas formations from well A-
08 (Figure 5.21a), color-coded by the VCL well log. The template provides a visualization
of the VCL calculated using the model, revealing a good match with the well data. In
(Figure 5.21b) the RPT is overlapping the data from all available wells, over the reservoir
interval. Even considering this large amount of data, the template still reasonably fits the
well log data.
Figure 5.21: a) Rock physics template for volume of clay analysis overlapping well log data
from the well A-08. b) The RPT is overlapping the log from all wells in the area, over the
reservoir interval. The data are color-coded by VCL.
5.5 Rock Physics Attributes
In this section, I describe the formulation of seismic attributes based on the rock physics
model developed in this thesis. The objective of these attributes is to calculate water satu-
ration, porosity, and clay volume as a function of elastic properties obtained from pre-stack
seismic data, such as VP/VS, AI, and SI.
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Avseth & Veggeland (2015) present the formulation of two rock attributes calculated from
VP/VS and AI: curved pseudo-elastic impedance (CPEI) and pseudo-elastic impedance for
lithology (PEIL). CPEI is an attribute with high sensitivity to fluid saturation, while PEIL
has high correlation with porosity. In this thesis, I adjust the coefficients of these attributes
aiming to obtain the water saturation and porosity values. Using a similar idea to the
one presented by Avseth & Veggeland (2015), I also formulate an attribute for clay volume
prediction.
In the following sections I describe the formulation and analyze the accuracy of the
attributes. These formulations are applied to the seismic inversion data in the section 6.5.
5.5.1 Attribute for Water Saturation Prediction
Curved pseudo-elastic impedance (CPEI) is an attribute defined by the deviation from
the line which fits the modeled water-saturated reservoir in the AI vs VP/VS space. This
attribute is computed as follows:






Avseth & Veggeland (2015) suggests that the coefficients x0 and k are those that adjust
the attribute to the extended elastic impedance values; however, I use this attribute for
predicting water saturation. I set x0 = 1, so that the points falling on the curve of SW=1
receive a value equal to 1. I then set k to a value that increases the correlation between the
attribute and the SW well log.
The f(AI), x0, and k coefficient which best match the CPEI attribute with the SW well
log in Punta Rosada and Lajas reservoirs are as follow:




resulting in the final formulation of the CPEI attribute, which is calibrated specifically for
the model constraints listed in Table 5.3:
CPEI = 1− 8 ·
[




The points situated above the water-reservoir line are forced to be equal to one. Fig-
ure 5.22 shows the modified CPEI calculated for the well A-02.
5.5.2 Attribute for Porosity Prediction
Pseudo-elastic impedance for lithology (PEIL) is an attribute also formulated in the work
of Avseth & Veggeland (2015). Similar to the CPEI, Equation 5.17 can formulate the PEIL
attribute, which is also defined by the deviation from a reference line (f(AI)). In this case, I
use as the reference a straight line that fits the modeled points with a porosity of 6%. Avseth
& Veggeland (2015) suggests adjusting the coefficients x0 and k in order to result in values
that fit the shear modulus; however, considering that PEIL attribute has a high correlation
with porosity, I adjust these coefficients aiming to predict the porosity values. PEIL is not
dependent on the fluid, as the variation of this attribute is orthogonal to the fluid trend.
The calculated porosity using this attribute is plotted in Figure 5.23.
The f(AI), x0, and k coefficient which best match the PEIL with the the Punta Rosada
and Lajas reservoirs are as follows:
f(AI) = 0.124639 · AI + 0.164858,
x0 = 0.06,
k = −0.18,
resulting in the final formulation of the PEIL attribute, which is calibrated specifically for
the model constraints listed in Table 5.3:
PEIL = 0.06− 0.18 ·
[





Figure 5.22: Comparison between CPEI and SW well log from the well A-02. a) CPEI
attribute, in blue, and SW well log, in red. The correlation coefficient is 0.74 and mean
square error is 0.036 for this well. b) RPT overlapping the well log data color-coded by the
CPEI attribute. The cyan line is the f(AI) function which fits the modeled reservoir fully
saturated with water, which was the reference line for the attribute computation. c) RPT
overlapping well log data color-coded by SW well log.
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Figure 5.23: Comparison between PEIL attribute and total porosity well log (TPHI) from
the well A-02. a) PEIL attribute, in orange, and TPHI well log, in red. The correlation
coefficient is 0.72 and mean square error is lower than 0.005 for this well. b) RPT overlapping
the well log data color-coded by the CPEI attribute. The cyan line is the f(AI) function
which fits the modeled reservoir with porosity of 6%, which was the reference line for the
attribute computation. c) RPT overlapping well log data color-coded by TPHI well log.
72
5.5.3 Attribute for Volume of Clay Prediction
Using a methodology inspired by the formulation of CPEI and PEIL (Equation 5.17), I
propose an attribute to predict the volume of clay (VCLline attribute). The reference line
(f(AI)) for this attribute is defined as the quadratic function that matches the model points
with VCL equal to 40%. I adjust the coefficients x0 and k to achieve values that maximize
the correlation with the VCL well log. Figure 5.24 shows this attribute calculated for well
A-02. For the Punta Rosada and Lajas reservoirs, the f(AI) and coefficients which best
match the VCLline attribute with the VCL well log data are as follows:
f(AI) = 0.010528 · AI2 − 0.194017 · AI + 2.632976,
x0 = 0.6,
k = −5,
resulting in the final formulation of the VCLline attribute, which is calibrated specifically for
the model constraints listed in Table 5.4:
V CLline = 0.6− 5 ·
[





Two different approaches, based on inclusion-based theories, were developed to success-
fully model the elastic properties of the reservoirs of Punta Rosada and Lajas formations:
Methodology 1, which does not need to have laboratory data as input, and Methodology 2,
which uses laboratory data to model the saturated rock as a function of differential pressure.
The templates created through the rock physics modeling are useful tools that can be
used not only for screening the well data but also for calculating attributes to predict water
saturation (CPEI), porosity (PEIL) and volume of clay (VCLline). These attributes are
dependent on AI and VP/VS, which are properties that can be obtained from the seismic
data. For future work, this methodology can be improved by using one attribute as input
to calculate another. The next section describes the application of these attributes to the
seismic inversion.
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Figure 5.24: Comparison between VCLline attribute and VCL well log from the well A-02.
a) VCLline attribute, in black, and VCL well log, in green. The correlation coefficient is
0.68 and mean square error is lower than 0.091 for this well. b) RPT overlapping the well
log data color-coded by the VCLline attribute. The cyan line is the f(AI) function which
fits the modeled reservoir with VCL of 60%, which was the reference line for the attribute




6.1 Available Seismic Data
For this research, the seismic data at my disposal are composed of a full-stack and two
angle-stack volumes: the angle stack between 12◦ and 20◦ (near stack), and between 36◦ and
44◦ (far stack) (Figure 6.1). This lack of angles only allows me to use a 2-term AVA inversion
algorithm, resulting in a decrease in accuracy. Additionally, the angles of the far stack are
slightly greater than 30-35◦, which are the angles recommended for using the 2-term AVA
equations (Shuey (1985) and Fatti et al. (1994)).
As expected, the fold of the far stack (36◦ to 44◦) is lower than that of the near stack (12◦
to 20◦) at large depths. As a result, a region with two-way-times larger than approximately
2500 ms and a significant area along the edges of the 3D volume cannot be used, either
because it has a low fold or because it was clipped in the processing. Figure 6.2b shows the
region where the fold is satisfactory to perform seismic inversion and AVA analysis at the
level of the reservoirs.
Figure 6.1: Seismic data available. From left to right: full, near and far stack. The target
reservoirs are located within the top of Punta Rosada (in yellow) and top of Los Molles (in
green). Both volumes have a high signal-to-noise ratio. The far-stack volume was previously
clipped at larger depths due to the poor fold.
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Figure 6.2: Analysis of the far stack. a) SW-NE far-stack section. The data have poor fold
along the edges. Only a few inlines have a satisfactory fold. b) The area of the colored
horizon represents the region where the fold of the far stack is satisfactory at the depth of
the target reservoirs. c) NW-SE far-stack section. The yellow and magenta horizons are the
top of Punta Rosada and the base of Lajas formations, which are the limits of the target
reservoirs.
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6.2 Seismic AVA Analysis
6.2.1 Gradient and Intercept Computation
My seismic AVA analysis is based on the rock physics discussion of chapters 4 and 5,
where the Monte Carlo simulation and the rock physics model reveal that the gas-reservoirs
manifest Classes 1 and 2 AVA anomalies.
Considering that only two partial stacks are available in this research, I applied Shuey’s
2-term equation to compute the Intercept and Gradient in the seismic cube:
RN ≈ R(0) +Gsin2θN ,
RF ≈ R(0) +Gsin2θF .
(6.1)
RN and RF are the average amplitude of the near- and far-stack seismic volumes. θN and
θF are the average near- and far- stack reflection angles, respectively. R(0) and G are the
Intercept and Gradient, which are the unknowns of this system. This system is solved
through a least-square fit computed for every seismic sample in the R(θ) vs sin2(θ) domain,
where the points follow a straight line (Figure 6.3).
Figure 6.3: Squematic representation of Intercept and Gradient calculation by applying a
least square fit for the near and far stack in the R(θ) x sin2(θ). The Intercept(R(0)) is the
value where the fit line crosses the R(θ) axis, whereas the Gradient is the slope of the line.
θ is the average reflection angle of each angle stack.
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6.2.2 AVO Background Definition
To perform AVA analysis, I first defined the background trend by selecting a region in the
seismic cube where no gas accumulation is expected (Figure 6.4). Another criterion chosen
to define the AVA background was the seismic fold, as the far stack has a poor fold along
the edges (Figure 6.2).
Figure 6.5 shows the Punta Rosada and Lajas water-saturated reservoirs trend in the
Intercept vs Gradient space. The background trend lines have similar coefficients, confirming
the findings of Chapter 3, in which the well analysis reveals that both formations have elastic
parameters with similar statistical distribution.
Figure 6.4: a) The AVO background volume in section and b) map view. Based on the
available wells, I interpret that this area is water-filled.
6.2.3 Orthogonal Deviation (OD)
The OD attribute is defined as the shortest orthogonal distance between each seismic
sample and the background line in the Intercept vs Gradient space (Rosa (2018)). Consider-
ing the similarity among the straight line coefficients for the target formations in Figure 6.5,




|a ·R(0) + b ·G+ c|√
a2 + b2
, (6.2)
where a, b and c are the coefficients of the background straight line in its the general form.
R(0) and G are the Intercept and Gradient of each sample in the seismic data.
This attribute has high sensitivity to fluid. The results can be observed in the Intercept
vs Gradient crossplot, for the background and the gas zone (Figure 6.6).
Figure 6.5: Background water-saturated trend lines. a) Both Punta Rosada and Lajas
formations, b) superior section of the Punta Rosada Formation, c) inferior section of Punta
Rosada Formation, and for d) Lajas Formation. The color code is density of samples.
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Figure 6.6: AVA space color-coded by the orthogonal deviation attribute for a) background
and b) gas zone. The points with higher OD deviation represents gas-bearing reservoirs.
Note that most anomalous points are inside the red and green polygons, which represent the
region of AVO Classes 1 and 2, for top and base of the reservoirs.
A seismic section overlaid by orthogonal deviation anomalies are shown in Figure 6.7. I
filtered the attribute to show only AVA Class 1 and Class 2, both on the interfaces above
and below the reservoir layers. Only the samples with orthogonal distance higher than 0.13
are displayed in the section. The maps are of the RMS amplitude of the OD attribute within
the different intervals.
The OD anomalies are located in the center of the main anticline, which is also the region
with the highest density of fractures. The anomalies matches with the top and base of the
layers with high gas saturation in the available wells.
6.3 Simultaneous Inversion
The elastic inversion process is based on Aki and Richard’s equation, described in Section
4.1, Equation 4.1. This equation provides the approximate reflectivity from an interface as
a function of incident angle and elastic properties of the rock above and below the interface.
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Figure 6.7: Seismic section overlapped by orthogonal deviation attribute, which is filtered
to show only AVA Classes 1 and 2 for both top and base of the reservoirs. The log along
the wells is gas-saturation filtered to the seismic frequency bandwidth. The maps are of
the RMS amplitude of the OD attribute within the Punta Rosada superior, Punta Rosada
inferior and Lajas intervals, from left to right, respectively. The fractures (black segments)
overlaying the first map are the result of the work carried out and published by Ferreira
et al. (2019).
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In the inversion process, the differences between the seismic amplitudes from different
reflection angles are used to obtain the corresponding variation in the elastic properties of
the rock. Equation 6.3 shows a matrix rearrangement of Aki and Richard’s equations to
































































































































Equation 6.3 is also commonly represented as follows:
d = Gm, (6.4)
where d is the reflectivity, which can be obtained from the seismic data, G is the forward
operator applied to the elastic properties (m) to obtain d. Finally, m is the elastic properties
model.









), at least three different reflection angles are required, as a system with three unknowns
requires three equations to be solved. As previously discussed in Section 6.1, I only have
two angle stacks available for this research. Therefore, a 2-term approximation to the Aki
and Richard equations must be used.
Fatti et al. (1994) proposed an approximation to the Aki and Richard’s equation in terms


















































These 2-term approximation is usually valid for angles lower than 35◦ and VP/VS between
1.5 and 2.0 (Fatti et al. (1994), Vernik (2016), and Smith & Gidlow (1987)):
A standard approach to solve this type of inverse problems is to find the least square
solution to Equation 6.4, which can be expressed as:
mLS = [G
TG]−1GTd. (6.7)
However, Equation 6.7 is not enough to find an optimal solution for seismic inversion
problems, because the noise and other uncertainties inherent of the seismic data undermines
uniqueness and performance of the least square solution. Thus, software usually solve the
seismic inversion problem by minimizing cost functions more elaborated than the least square
solution. Additionally, the misfit between the estimated synthetic seismic and the real data,
these cost functions incorporates information from other sources as the low-frequency model
from the well-logs. Also, constraints that make the solution more coherent to real geology
are included in the cost function, such as keep certain level of lateral continuity of elastic
properties (lateral smoothing).
To perform the elastic inversion in this research, I utilized the Petrel E&P Software
Platform (from Schlumberger) and used the Fatti 2-term algorithm. Two different inversions
were computed:
• Inversion 1: which provides AI and VP/VS as outputs
• Inversion 2: which provides AI and SI as outputs
6.4 Gas Zone Identification using RPT
For a first screening of the elastic inversion data, I plot the invertedAI and VP/VS volumes
and overlay the rock physics templates and well-log data (Figure 6.8a and Figure 6.8b).
Guided by the rock physics predictions expressed in the templates, I draw a polygon in the
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seismic crossplot that aims to select the reservoirs with high gas saturation. A 3D volume
is generated, where the regions resulting from this selection are classified with the value 1,
whereas the other samples are set to zero. The samples classified with one are displayed in
red in Figure 6.8c. The maps in Figure 6.8 are generated by extracting the RMS amplitude of
this classified 3D volume, within the Punta Rosada Superior (in Figure 6.8d), Punta Rosada
Inferior (in Figure 6.8e), and Lajas (in Figure 6.8f) intervals.
I also apply the same methodology described above to analyze the AI and SI elastic
properties from the second inversion. The data are plotted on the AI vs IS crossplot space
and compared with the respective template and well-log data (Figure 6.9a and Figure 6.9b).
The regions in red in the seismic section of Figure 6.9c represent the samples selected by the
red polygon in Figure 6.9b, which are classified with the value 1. The maps are generated
by extracting the RMS amplitude of this classified 3D volume (gas=1 and water=0), within
reservoir intervals.
This straightforward analyses shows one of the utilities of the rock physics templates.
Furthermore, we can conclude that both inversions (AI vs VP/VS, and AI vs IS) generate
similar results.
6.5 Applying the Rock Physics Attribute
The previous section showed how the rock physics model can be utilized for screening
of the seismic data and classification of the gas zones. However, it is possible to extract
more information from the rock physics model and seismic inversion data by applying the
rock physics attributes formulated in the Section 5.5, aiming to predict water saturation,
porosity, and clay volume properties as a function of AI and VP/VS.
The general formulation of these attributes (Equation 5.17) measures the deviation be-
tween each point and a reference curve (f(AI)), defined based on the rock physics model,
in the AI vs VP/VS space. The equation has two free coefficients (x0 and k), which can be
adjusted to obtain a better match between the attribute value and the well-logs.
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Figure 6.8: Selection of gas-bearing reservoirs in the AI vs VP/VS crossplot. a) RPT over-
lapping the logs of all available wells. b) Crossplot of AI and VP/VS resulting from the
elastic inversion. The red polygon selects the potential gas-bearing reservoir samples and
gives them a value of 1, whereas the rest receive a value of 0. c) Seismic section overlaid
with the samples selected by the red polygon in. The maps show the RMS amplitude of the
classified samples within d) Punta Rosada superior, e) Punta Rosada inferior, and f) Lajas.
The fractures (black segments) overlaying the maps are the result of the work carried out
and published by Ferreira et al. (2019).
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Figure 6.9: Selection of gas-bearing reservoirs in the AI vs SI crossplot. a) AI vs IS template
overlapping the logs of all available wells. b) Crossplot of AI and SI resulting from the
elastic inversion. The red polygon selects the potential gas-bearing reservoir samples and
gives them a value of 1, whereas the rest receive a value of 0. c) Seismic section overlaid
with the samples selected by the red polygon (in b)). The maps show the RMS amplitude
of the classified samples within d) Punta Rosada superior, e) Punta Rosada inferior, and f)
Lajas. The fractures (black segments) overlaying the maps are the result of the work carried
out and published by Ferreira et al. (2019).
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Figure 6.10 shows the properties resulting from the elastic inversion crossplotted in the AI
vs VP/VS, color-coded by curved pseudo-elastic impedance (CPEI), pseudo-elastic impedance
for lithology (PEIL), and VCLline attributes. The gas saturation, total porosity and clay
volume well-logs were filtered to a frequency bandwidth similar to the seismic data in order
to compare them with the attribute results. Figure 6.11 shows the comparison with two
wells: A-08, which was not used in the inversion process, that is a blind well, and C-09,
which was used to build the low-frequency model used in the elastic inversion process.
Figure 6.12 displays a seismic section overlaid by the CPEI attribute within the target
formations, where higher attribute values are associated with higher gas saturation. The
maps in Figure 6.12b, Figure 6.12c, and Figure 6.12d are the RMS values extracted from
the attribute within the target intervals.
Figure 6.13 shows a section crossing the entire area, displaying the attributes the CPEI,
PEIL and VCLline. The gas zones are also displayed at the bottom (in red), where the
main gas accumulations can be identified around the collapse graben. The wells shows the
respective well logs. In addition, a marginal accumulation correlated with a fault system,
resulting from the tectonic inversion, is located on the southwestern border of the area. The
map is of the RMS amplitude extracted from the CPEI attribute within the Punta Rosada
Formation.
Figure 6.10: Rock physics attributes calculated using the seismic inversion data, plotted in
the AI vs VP/VS space.
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Figure 6.11: Above) Comparison between the attributes CPEI, PEIL, and VLCline with the
gas saturation (Sgas), total porosity (φ) and volume of clay (VCL) well-logs from well A-08.
This is a blind well, that is, it was not used in the low-frequency model for the seismic
inversion. Below) The same attributes are compared with the well-logs of the well C-09.
This well is not blind, that is, it was used to build the low-frequency model for the seismic
inversion. All well-logs were filtered to match the seismic frequency bandwidth.
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Figure 6.12: a) Seismic section and CPEI attribute. The log along the wells is gas saturation
filtered to the seismic frequency bandwidth. Below, the maps are of the RMS amplitude of
the CPEI extracted within b) Punta Rosada superior, c) Punta Rosada inferior, and d)
Lajas. The fractures (black segments) overlaying the maps are the result of the work carried
out and published by Ferreira et al. (2019).
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Figure 6.13: The section crossing the area shows the a) CPEI, b) PEIL, and c) VCLline
attributes. The respective well logs are color-coded with the same scale of the attributes. d)
the gas zones showing the main accumulations located around the collapse graben. Marginal
accumulations correlated with a fault system, reactivated during the compressive tectonism,
are located on the southwestern border of the area. d) map of the RMS amplitude extracted
from the CPEI attribute within the Punta Rosada Formation
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An effective way to analyze the accuracy of the CPEI attribute is by comparing the RMS
amplitude map from the seismic data with the RMS values extracted from the well-logs in
the same interval. Figure 6.14 shows this comparison, where the circles are the wells color-
coded by RMS values of the SW well-log extracted within the Punta Rosada Formation.
Note that the D-06 well, at the southeastern border of the area, has very low RMS values of
the gas saturation well-log. The attribute also shows very low values around this well. The
highest saturation values are located around the crest of the anticline and near the highly
fractured zone. Given this analysis, it can be seen that the CPEI attribute, optimized to
the Puntas Rosada and Lajas reservoirs, could be a valuable indicator of gas zones for this
type of accumulation.
Figure 6.14: RMS amplitude map of the CPEI attribute extracted within the Punta Rosada
Formation. The circles are the wells color-coded by the RMS values of the SW well-log,





The statistical rock physics analysis of the well data confirmed that the influence of gas
on the acoustic impedance is low in the tight sandstones present in the area. However, after
analyzing the elastic properties of these reservoirs, I discovered that the sensitivity to gas
and lithology variation is much more observable with certain elastic parameters, and the gas
layers can be identified using VP/VS.
The well data were also used to perform AVO analysis through Monte Carlo simulation,
which was required due to the compositional and textural variability found in the thick
Punta Rosada and Lajas formations. The results of the Monte Carlo simulations confirmed
the previous statistical analysis of the wells, which reveals low acoustic sensitivity to fluid
variation (expressed in the Intercept parameter), but reasonable sensitivity in VP/VS (ex-
pressed in the Gradient parameter). Most gas anomalies are located within Classes 1 and 2
in the AVA space. Gas migration and accumulation in this field is driven by high pressure
instead of buoyancy. Thus, the sandstone bodies are assumed to be gas saturated from the
bottom to the top, as all of the free water is pushed up and away from the reservoirs during
the migration process (see Section 2.3.2). The AVA analyses confirmed this assumption: the
gas anomalies appear in the top and base of the gas layers.
Due to the low porosity and pore shape complexity present in these tight sandstones, an
inclusion-based rock physics model was necessary to predict the seismic response of this type
of reservoir. A combination of Voigt-Reuss-Hill (VRH) average, Kuster-Toksöz (KT) theory,
Differential Effective Medium (DEM) theory, and Gassmann’s equation were used together
with laboratory data to successfully predict the elastic properties in order to distinguish the
effects of fluid, lithology, and porosity on the seismic response.
92
The rock physics templates (RPT) created were crucial tools to connect the information
from wells and modeling with the seismic properties. Using the rock physics model and its
templates, and based on the ideas of Avseth & Veggeland (2015), I formulated rock physics
attributes that have a high correlation with water saturation, porosity, and clay content.
These attributes are calculated as a function of AI and VP/VS, which are elastic properties
obtained from the seismic inversion process. Thus, I applied these attributes to the seismic
data to quantify the gas saturation, porosity, and clay volume in the region of interest.
The most significant challenge I faced was obtaining high accuracy in the prediction
of reservoir properties while using an incomplete seismic dataset. The seismic data at my
disposal were composed of a full-stack and only two other angle-stack volumes: the angle
stack between 12◦ and 20◦, and between 36◦ and 44◦. Two angle stacks allow the use of only
2-term AVA approximations, and 30-35◦ are the maximum angles recommended to obtain
optimal results using this type of algorithm (see Shuey (1985) and Fatti et al. (1994)). Even
with this limitation, the use of the hybrid rock physics modeling, optimized for reservoirs
with low and complex porosity, proved to be effective for the identification and quantification
of gas-saturated regions.
Understanding which factors drive gas migration and accumulation was one important
objective of this research. I found that the gas accumulation in the Punta Rosada is mostly
located at the center of the main anticline, where the natural fracture network shows higher
density. In contrast, the gas in the Lajas Formation is spread out through a wider area.
This broad dispersion has occurred because the Lajas Formation lies directly above the Los
Molles source rock, which facilitates the vertical gas migration. However, the pathways from
the source rock to Punta Rosada are longer, thereby concentrating the gas zones of this
formation around the fractured zones, which connects the source rock to the Punta Rosada
tight-sandstones.
Basin-centered gas accumulations (BCGA) generally involve vast volumes of gas contin-
uously filling the reservoirs, resulting in massive accumulations. The exploratory risk of this
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type of accumulation is very high, not only due to the low seismic sensitivity but also to
the lack of analogs. The development of a workflow capable of predicting the presence of
gas and enhancing the knowledge about this complex petroleum system is very valuable not
only for well-placement during the production stage but also for the exploration of similar
BCGA plays in frontier areas.
7.2 Recommendations and Future Work
The first and most important recommendation for obtaining optimal results in predicting
water saturation, porosity, and clay volume is to compute seismic inversion using at least
three angle stacks. Accordingly, the missing 20◦ to 36◦ angles would allow 3-term AVO
inversion, resulting in elastic properties with greater accuracy. The signal-to-noise ratio of
the angles between 36◦ and 40◦ is high, so one can expect excellent results when performing
seismic inversion with the complete set of angle stacks.
Modeling BCGA reservoirs is inherently challenging because this type of play can develop
large gas-filled thicknesses. The reservoirs for this study area reach up to 1,000 meters
thick. Although the elastic properties of all sandstone layers are very similar, and the
effective pressure within this thick pack of sandstones does not vary significantly, refining
the parameters of the model for specific reservoir target layers may improve my predictions.
The use of machine learning algorithms should be explored to determine more precise
relationships between the rock physics model, well data, and seismic data. For example,
machine learning can be used to optimize the coefficients of rock physics attributes formulated
in this thesis. Also, supervised algorithms can be used to classify the gas zones in the seismic,
using the well data as the training dataset.
Finally, in addition to the workflow described in this thesis, different research approaches
can be applied to extract further information from the seismic data in order to improve
gas detection and prediction of rock properties. Angle gathers can be stacked over different
azimuths in order to identify azimuthal anisotropy and to perform migration where the
genuine amplitude relationships are preserved (Xu & Sun (2018)). More reliable amplitude
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relationships can deliver rock properties with higher accuracy. Azimuthal anisotropy analysis
can also be used to improve the information about fracture orientation and relative fracture
density, which could be included in the rock physics model (Sharma et al. (2017)). The
attenuation of seismic waves is a well-known phenomenon associated with gas accumulations.
It is another technique that can also be further explored to identify the extent of gas zones.
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Zürich, 96.
Haneberg, W. C. 1999. The Rock Physics Handbook. first edn. Vol. V. Cambridge University
Press.
Hill, R. 1952. The elastic behaviour of a crystalline aggregate. Proceedings of the Physical
Society. Section A, 65(5), 349–354.
Howell, John A, Schwarz, Ernesto, Spalletti, Luis A, & Veiga, Gonzalo D. 2005. The Neuquen
Basin: an overview. The Geological society of London., 1, 1–14.
Kabanda, Albert. 2014. Rock Physics Templates for 4D Seismic Reservoir Monitoring: A
case study from Yttergryta field in the Norwegian Sea. Ph.D. thesis, University of Bergen.
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